In this paper, physical experiments and numerical simulations were applied to systematically investigate the non-Newtonian flow characteristics of heavy oil in porous media. Rheological experiments were carried out to determine the rheology of heavy oil. Threshold pressure gradient (TPG) measurement experiments performed by a new micro-flow method and flow experiments were conducted to study the effect of viscosity, permeability and mobility on the flow characteristics of heavy oil. An in-house developed novel simulator considering the non-Newtonian flow was designed based on the experimental investigations. The results from the physical experiments indicated that heavy oil was a Bingham fluid with non-Newtonian flow characteristics, and its viscosity-temperature relationship conformed to the Arrhenius equation. Its viscosity decreased with an increase in temperature and a decrease in asphaltene content. The TPG measurement experiments was impacted by the flow rate, and its critical flow rate was 0.003 mL/min. The TPG decreased as the viscosity decreased or the permeability increased and had a power-law relationship with mobility. In addition, the critical viscosity had a range of 42-54 mPa·s, above which the TPG existed for a given permeability. The validation of the designed simulator was positive and acceptable when compared to the simulation results run in ECLIPSE V2013.1 and Computer Modelling Group (CMG) V2012 software as well as when compared to the results obtained during physical experiments. The difference between 0.0005 and 0.0750 MPa/m in the TPG showed a decrease of 11.55% in the oil recovery based on the simulation results, which demonstrated the largely adverse impact the TPG had on heavy oil production.
conditions is referred to as heavy crude oil or heavy oil [3, 4] . The physical properties of heavy oil composed of heavy molecular compositions are different from those of conventional oil as they have different rheological properties and flow characteristics.
The rheology of heavy oil crucially affects upstream recovery and transportation [5] [6] [7] . Several experimental studies have focused on the rheology of heavy oil. Generally, these studies concentrate on three aspects. (1) The rheology of heavy oil is highly dependent on temperature [8, 9] . At a low temperature, liquid molecules do not have enough thermal energy to overcome the energy barrier to jump into unoccupied sites or holes [10, 11] , which makes it difficult for the liquid to flow and results in high viscosity. However, a low increase in temperature can promote a great reduction in viscosity [12] . At a high temperature, viscosity reduces, elastic behaviors tend to vanish, and heavy oil demonstrates Newtonian behavior [5] . (2) The composition of heavy oil, particularly the content of heavier components, such as asphaltenes and resins, plays a dominant role in viscosity and rheology [13] [14] [15] . The viscosity of a heavy oil can increase above a critical concentration due to the structural changes brought about by the entanglement and overlapping of solvated asphaltene [16] . Resins can develop a steric layer around asphaltenes to prevent them from overlapping, but the impact is lower than that observed from asphaltenes on viscosity [17] . (3) The rheology of heavy oil exhibits a Bingham behavior, which has been demonstrated in several studies [18] [19] [20] [21] . Most of these previous studies focused only on one or two aspects and thus, this work cannot be considered as being comprehensive.
The rheology of heavy oil is primarily responsible for its flow characteristics in porous media. Heavy oil starts to flow when the pressure gradient exceeds the TPG and the flow does not follow Darcy's law [22, 23] . It is similar to the Bingham fluid because it does not express a shear rate until a specific stress (i.e., yield stress) is imposed. The constitutive equation for the Bingham fluid can be written [11, 24, 25] 
where τ is the stress tensor [11] ; µ B is the plastic viscosity in Pa·s; τ y is the yield stress in Pa;
. γ is the rate of deformation tensor; I I . γ is the second invariant of γ [25] ; I I τ is the second invariant of τ. The TPG is one of the key parameters of the Bingham fluid found in heavy oil reservoirs [19] . It has a significant influence on oil productivity and recovery in addition to affecting the determination of reasonable well spacing and the distribution of remaining oil [26] . The accurate measurement of the TPG is critical, and many experimental methods have been proposed for addressing this need. The commonly used steady-state method includes a constant pressure method and a constant flow rate method [27] . An unsteady method based on a theoretical model of non-Newtonian flow of heavy oil is another method that can be used to measure the TPG [28] . A capillary balance method relies on the principle of a connector to obtain the TPG [29] . It was proved in our previous work that the TPG was affected by a displacing rate used in the TPG measurement experiment [30] . Nevertheless, few of these methods have considered the influence of a flow rate on the TPG. Furthermore, the TPG and its existence are influenced by many factors [31, 32] , but the critical condition for the existence of the TPG is rarely studied.
There are also many flow experiment methods [33, 34] . The steady-state method is most commonly employed as the test method of flow characteristics over the other methods due to its great advantages of test system stability, high precision and reliable data [23, [34] [35] [36] . The single-phase flow of heavy oil has been studied by the steady-state method [9, 19, 23] . Heavy oil does not flow until the displacing pressure gradient reaches the TPG. When the displacing pressure gradient is higher than the TPG, the flow rate of heavy oil increases linearly [19] . The flow behavior of heavy oil does not follow Darcy's law as it belongs to non-Newtonian flow [31, 37, 38] . The steady-state method applied in the multiphase flow of heavy oil was widely used to obtain the relative permeability for each phase, where the saturations, flow rates, and pressure gradients are measured and used in Darcy's law [33, 36, 39] . However, in this process, the existence of TPG and non-Newtonian flow were of little concern.
Unfortunately, most commercial numerical simulation software is based on the assumption of Darcy flow in porous media, and they do not take non-Newtonian flows into account. The simulation and forecast results are often erroneous when used to simulate the flow of fluids with non-Newtonian flow characteristics, because non-Newtonian flow influences the production of crude oil [40] . In order to simulate the displacement of heavy oil accurately, the relative permeability, one of the key parameters required in numerical simulation, was recalculated to address the effect of viscosity. Wang et al. [41] investigated that relative permeabilities were a function of oil viscosity under the same injection flow rate with the same water phase. Torabi et al. [42] predicted heavy oil/water relative permeability by modified Corey-based correlations. Mai [43] reported that Johnson-Bossler-Naumann (JBN) method allowed for the calculation of apparent relative permeability curves that could be incorporated into reservoir simulators, and the effect of oil viscosity could be addressed through its effect on the apparent relative permeabilities calculated. Doorwar et al. [44] considered that relative permeability functions needed to be modified to simulate unstable displacements with conventional simulators, and high viscosity ratio led to viscous fingering, which affected the observed relative permeability curves; they developed a lumped-finger model to modify multiphase flow equations and to yield pseudo relative permeability functions that accounted for viscous fingering. To a certain extent, it is a solution that can be incorporated into conventional simulators to improve the accuracy of heavy oil simulation. However, the presence of TPG in the flow of Bohai Bay heavy oil cannot been described by simply using the recalculated relative permeability in conventional simulators. Furthermore, various attempts to model the Bingham fluid have been made [45] [46] [47] [48] , with these studies providing some theoretical references for the non-Newtonian flow simulation of heavy oil with the TPG. The governing equations for non-Newtonian flow are nonlinear and are generally solved by numerical methods [49] . The most well-known method used to numerically solve the flow of multiphase fluids in porous media is the implicit pressure explicit saturation method (IMPES). In IMPES, the pressure equation is implicitly solved and the saturation equation is explicitly solved [50] [51] [52] . Although the numerical dispersion is inevitable in the process of solving, IMPES has still been widely applied in numerical simulations because it demands less computer memory and calculation work [53, 54] since it was introduced by Sheldon et al. [55] and Stone and Garder [56] . It is necessary to design a simulator that can accurately describe the non-Newtonian flow characteristics of heavy oil with the TPG, where IMPES is applied to obtain solutions with an acceptable numerical dispersion and a high running speed.
In this paper, an experimental study was conducted to investigate three aspects of the rheology of heavy oil, including the effect of temperature and asphaltene content on the rheology of heavy oil as well as the Bingham behavior of heavy oil. Considering the influence of a flow rate on the TPG in the TPG measurement experiment, a small flow rate of 0.002 mL/min was used to measure the TPG, with this experimental method known as a micro-flow method. Moreover, the critical viscosity for the existence of the TPG at a given permeability was determined by physical experiments. Following this, flow experiments were carried out by the steady-state method to obtain the overall flow curve of the heavy oil to analyze the relationship between the displacement pressure gradient and the flow rate as well as the difference between the single-phase flow and the oil-water two-phase flow. Finally, considering the obvious Bingham behavior of heavy oil in Bohai Bay oilfield that can be seen in the third section of this paper, we directly corrected Darcy's law and proposed the flow model based on its flow experiments, which could better describe the non-Newtonian flow characteristics with the TPG compared with the simple use of recalculated relative permeability. An in-house developed novel three-dimensional (3D) two-phase heavy oil simulator was designed, where the IMPES was applied. The validation of this simulator was done by comparing with the simulation results run in ECLIPSE V2013.1 and CMG V2012 software as well as with the results obtained during physical experiments. A TPG sensitivity analysis was undertaken using the simulator to provide a more complete understanding of the influence of the TPG on the heavy oil production. These results and numerical simulations offer a tool to study the flow of heavy oil in porous media.
Methodology

Physical Experiments
The information of heavy oil samples used in this paper are given in Table 1 . The heavy oil sample #1 was the original crude oil from a well in Bohai Bay oilfield in China; the heavy oil samples #5 and #6 were reconstituted oil obtained by dispersing the asphaltenes extracted from the original oil #1 into the de-asphalted original oil; and the heavy oil samples #2, #3 and #4 were reconstituted oils made by mixing the original oil #1 with kerosene. The basic parameters of core samples are presented in Table 2 . The cores #1-3, #27-29 and #32-34 were obtained from the same large artificial core. We considered that they had the same properties although their measured permeabilities and porosities were slightly different. The information of water used in the paper is also provided in Table 3 . Rheological experiments were carried out by a Physica MCR301 rotary rheometer from Anton Paar (Graz, Austria). The viscosity of heavy oil samples was measured in a wide range of sheer rates of 0-50 s −1 by a plate-plate measurement system. The temperature was controlled by a Peltier plate with an accuracy of 0.01 • C. Figure 1 shows the schematic diagram of the Anton Paar rheometer and its plate-plate measuring system. Rheological experiments were carried out by a Physica MCR301 rotary rheometer from Anton Paar (Graz, Austria). The viscosity of heavy oil samples was measured in a wide range of sheer rates of 0-50 s −1 by a plate-plate measurement system. The temperature was controlled by a Peltier plate with an accuracy of 0.01 °C. Figure 1 shows the schematic diagram of the Anton Paar rheometer and its plate-plate measuring system. 
TPG Measurement and Its Critical Condition
The schematic of the TPG measurment experiment is shown in Figure 2 . The experimental procedure followed was:
1.
Experimental devices were connected according to the flow chart.
2.
The temperature of the thermotank was set to 30 • C, and the core with the saturated water was required to stand for at least 24 h. 3.
The heavy oil sample was used to displace the water in the core at a flow rate of 0.05 mL/min after bypassing the oil column tube #1. The displacing flow rate was increased to 0.5 mL/min when the water cut at the outlet was lower than 2% until the volume of injected heavy oil sample reached ten times the pore volume (PV) of the core, and there was no water production. 4.
The ISCO pump was stopped, and the height of the oil column in the oil column tube #2 was lowered to about 5 cm.
5.
The oil column tube #1 was put into use. The height of the oil column in the oil column tube #1 was raised to the same height as that in the oil column tube #2 by restarting the ISCO pump with the flow rate of 0.02 mL/min. The ISCO pump was stopped again, and this condition was kept for 24 h. 6.
The flow rate of 0.002 mL/min was used to displace and the height of the oil column in the oil column tube #1 increased gradually. The pressure gradient was the TPG of the heavy oil sample when the height of the oil column in the oil column tube #2 began to move.
In order to ensure that the accuracy of the TPG measurement experiment was not affected by the air, the relevant experimental devices, including the pipelines in the measurement system, were completely filled with the corresponding liquid. The schematic of the TPG measurment experiment is shown in Figure 2 . The experimental procedure followed was:
1. Experimental devices were connected according to the flow chart. 2. The temperature of the thermotank was set to 30 °C, and the core with the saturated water was required to stand for at least 24 h. 3. The heavy oil sample was used to displace the water in the core at a flow rate of 0.05 mL/min after bypassing the oil column tube #1. The displacing flow rate was increased to 0.5 mL/min when the water cut at the outlet was lower than 2% until the volume of injected heavy oil sample reached ten times the pore volume (PV) of the core, and there was no water production. 4. The ISCO pump was stopped, and the height of the oil column in the oil column tube #2 was lowered to about 5 cm. 5. The oil column tube #1 was put into use. The height of the oil column in the oil column tube #1 was raised to the same height as that in the oil column tube #2 by restarting the ISCO pump with the flow rate of 0.02 mL/min. The ISCO pump was stopped again, and this condition was kept for 24 h. 6. The flow rate of 0.002 mL/min was used to displace and the height of the oil column in the oil column tube #1 increased gradually. The pressure gradient was the TPG of the heavy oil sample when the height of the oil column in the oil column tube #2 began to move.
In order to ensure that the accuracy of the TPG measurement experiment was not affected by the air, the relevant experimental devices, including the pipelines in the measurement system, were completely filled with the corresponding liquid. Many factors, including viscosity and permeability, affect the TPG and its existence. The TPG exists under specific conditions, and an experiment to determine those critical conditions was necessary. The steps taken to identify the critical conditions were:
1. The TPG under the and was measured, where was the permeability, which started from , and is the viscosity, which started from . 2. If the TPG existed under the and , a smaller than was used to replace , and the TPG at the and was measured. If not, a larger than was used. 3. The selection of was repeated until two cases for the inexistence of the TPG and four cases for the existence of the TPG were obtained. A curve of the relationship between the TPGs greater than 0 MPa/m and the corresponding viscosity was drawn. The intercept of the fitting curve on the viscosity axis was considered to be the critical viscosity ( ) at the . Here, the TPG would be present for the specific permeability when the viscosity is higher than the critical viscosity ( ). Otherwise, the TPG no longer existed. Many factors, including viscosity and permeability, affect the TPG and its existence. The TPG exists under specific conditions, and an experiment to determine those critical conditions was necessary. The steps taken to identify the critical conditions were:
1.
The TPG under the k i and µ j was measured, where k i was the i th permeability, which started from k 1 , and µ j is the j th viscosity, which started from µ 1 .
2.
If the TPG existed under the k i and µ j , a µ j+1 smaller than µ j was used to replace µ j , and the TPG at the k i and µ j+1 was measured. If not, a µ j+1 larger than µ j was used.
3.
The selection of µ j was repeated until two cases for the inexistence of the TPG and four cases for the existence of the TPG were obtained. A curve of the relationship between the TPGs greater than 0 MPa/m and the corresponding viscosity was drawn. The intercept of the fitting curve on the viscosity axis was considered to be the critical viscosity (µ ci ) at the k i . Here, the TPG would be present for the specific permeability k i when the viscosity is higher than the critical viscosity (µ ci ). Otherwise, the TPG no longer existed.
4.
The above steps were repeated until N sets of permeability and the corresponding critical viscosities were obtained, where N was determined by the requirements of the study.
To ensure the accuracy of experimental results, the variation of viscosity in each group was lower than 2 mPa·s in the experiments. The experimental flow diagram of the critical viscosity for the existence of TPG at a given permeability is presented in Figure 3 , where r and l are the numbers of groups with and without the TPG, separately.
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To ensure the accuracy of experimental results, the variation of viscosity in each group was lower than 2 mPa•s in the experiments. The experimental flow diagram of the critical viscosity for the existence of TPG at a given permeability is presented in Figure 3 , where and are the numbers of groups with and without the TPG, separately. 
Flow Experiments
Both the single-phase and oil-water two-phase flow experiments were conducted by the steadystate method to investigate the overall flow curve of the heavy oil shown in Figure 4 . For single-phase flow experiment, the core was saturated with the heavy oil sample only. The flow rate of the heavy oil samples were gradually set to 0.1, 0.3, 0.5, 1, 3 and 5 mL/min. The pressure gradient and the corresponding flow rate were recorded for every flow rate when the pressure difference was stabilized and the flow rate of heavy oil sample at the inlet was the same as that at the outlet. After this, the relationship between pressure gradient and the corresponding flow rate was plotted. The oil-water two-phase flow experiment was different from the single-phase flow experiment. The core was saturated with the heavy oil sample and irreducible water in the same way as the process in TPG measurement experiment. The heavy oil sample and water at a ratio of 7:3 was used to displace. The total flow rate of heavy oil samples and water was gradually set to 0.1, 0.3, 0.5, 1 and 2 mL/min. The pressure gradient and the corresponding total flow rate were recorded for every total flow rate when the pressure difference was stabilized and the total flow rate of heavy oil sample and water at the inlet was the same as their total flow rates at the outlet. 
Both the single-phase and oil-water two-phase flow experiments were conducted by the steady-state method to investigate the overall flow curve of the heavy oil shown in Figure 4 . For single-phase flow experiment, the core was saturated with the heavy oil sample only. The flow rate of the heavy oil samples were gradually set to 0.1, 0.3, 0.5, 1, 3 and 5 mL/min. The pressure gradient and the corresponding flow rate were recorded for every flow rate when the pressure difference was stabilized and the flow rate of heavy oil sample at the inlet was the same as that at the outlet. After this, the relationship between pressure gradient and the corresponding flow rate was plotted. The oil-water two-phase flow experiment was different from the single-phase flow experiment. The core was saturated with the heavy oil sample and irreducible water in the same way as the process in TPG measurement experiment. The heavy oil sample and water at a ratio of 7:3 was used to displace. The total flow rate of heavy oil samples and water was gradually set to 0.1, 0.3, 0.5, 1 and 2 mL/min. The pressure gradient and the corresponding total flow rate were recorded for every total flow rate when the pressure difference was stabilized and the total flow rate of heavy oil sample and water at the inlet was the same as their total flow rates at the outlet. 
Numerical Method
Corrected Darcy's Law
The flow of heavy oil does not follow Darcy's law. The proposed correction to Darcy's law is [23, 57] : The corrected oil viscosity is defined as:
where = 1, 2, 3 are the corrected oil viscosities in the x, y and z directions in Pa•s.
Flow Model
The basic assumptions for the numerical method are as follows:
1. The corrected Darcy's law of Equation (2) was applied. 2. The model was 3D with two phases (the oil and water phases). 
Numerical Method
Corrected Darcy's Law
The flow of heavy oil does not follow Darcy's law. The proposed correction to Darcy's law is [23, 57] :
where The corrected oil viscosity is defined as:
where µ cod (d = 1, 2, 3) are the corrected oil viscosities in the x, y and z directions in Pa·s.
Flow Model
1. The corrected Darcy's law of Equation (2) was applied. 2.
The model was 3D with two phases (the oil and water phases).
3.
The water component existed only in the water phase, which did not exchange its mass with the oil phase.
4.
The reservoir rock was compressible and anisotropic, while the fluid was compressible. 5.
The effects of the capillary force and gravity were taken into account.
According to the conservation of mass, we obtained the continuity equations by combing mass with the above motion equation.
For the oil component [58, 59] 
In the two equations above, ρ os and ρ ws are the densities of oil and water in the ground standard conditions in kg/m 3 ; k a is the absolute permeability of porous media in m 2 ; k ro and k rw are the relative permeabilities of oil and water in fraction; q o and q w are the mass flow rates of oil and water in the ground standard conditions in kg/s; B o and B w are the oil and water formation volume factor in m 3 /m 3 ; and S o and S w are the oil saturation and water saturation in fraction.
In addition to the two continuity differential equations, there are the following auxiliary equations and state equations. The auxiliary equations included:
where p cow is the water-oil capillary pressure in a two-phase system in Pa, which is a function of water saturation. The state equations are as follows:
where P r is the reservoir pressure in Pa.
IMPES
The difference equation of Equation (4) was given as follows:
where the subscripts i, j, k are the coordinate markers in the grid; the superscript n is the time marker; ∆x, ∆y and ∆z are the step length (m) in the direction of x, y and z;
, and m oz =
in m 2 /Pa·s. µ cod can be calculated by the Equation (3) at each time step. The difference equation of Equation (5) is similar to the Equation (14) and is no longer listed in detail here.
In this work, these equations were solved by the IMPES with the auxiliary capillary and saturation equations under the boundary and initial conditions. More details can be found in [60] . Finally, production, pressure and oil saturation distribution were obtained.
Results and Discussion
Rheology of Heavy Oil
The rheological curves of heavy oil samples at different temperatures are shown in Figure 5 . The relationship between a shear rate and sheer stress was linear, but the lines with the correlation a coefficient of up to 0.96 did not pass through the origin of the coordinate axes. This phenomenon was the same for the Bingham fluid. The yield stress of the heavy oil decreased with an increase in temperature, while the shear stress at a low temperature was higher than that at a high temperature under the same shear rate. Considering oil sample #1, the shear stress was 42.2 Pa at 30 • C, which was nearly five times greater than that at 70 • C with the same shear rate of 50 s −1 . 
where the subscripts i, j, k are the coordinate markers in the grid; the superscript n is the time marker; Δ , Δ and Δ are the step length (m) in the direction of x, y and z; = , =
, and = in m 2 /Pa•s. can be calculated by the Equation (3) at each time step. The difference equation of Equation (5) is similar to the Equation (14) and is no longer listed in detail here. In this work, these equations were solved by the IMPES with the auxiliary capillary and saturation equations under the boundary and initial conditions. More details can be found in [60] . Finally, production, pressure and oil saturation distribution were obtained.
Results and Discussion
Rheology of Heavy Oil
The rheological curves of heavy oil samples at different temperatures are shown in Figure 5 . The relationship between a shear rate and sheer stress was linear, but the lines with the correlation a coefficient of up to 0.96 did not pass through the origin of the coordinate axes. This phenomenon was the same for the Bingham fluid. The yield stress of the heavy oil decreased with an increase in temperature, while the shear stress at a low temperature was higher than that at a high temperature under the same shear rate. Considering oil sample #1, the shear stress was 42.2 Pa at 30 °C, which was nearly five times greater than that at 70 °C with the same shear rate of 50 s −1 . The viscosity-temperature curves of heavy oil samples are shown in Figure 6 . The viscosity of the heavy oil showed a strong temperature sensitivity. The findings demonstrated that the viscosity of the heavy oil samples decreased significantly with an increase in temperature below 50 °C. The change in viscosity was great when the temperature was low, while the decrease in viscosity changed slowly when the temperature was above 50 °C. The Arrhenius equation was applied to quantify the relationship. It is the most accepted model to correlate the temperature dependence of the viscosity of a fluid [10, 11, 61] :
where is the zero-shear viscosity in Pa•s; is the absolute temperature in K; = → ∞ is a material constant in Pa•s; is the fluid-dependent activation energy in J/mol; and is the universal gas constant in 8.314 J/mol/K. As the zero-shear viscosity in Equation (15) was very difficult to obtain from the experiment, an apparent viscosity was used to replace it [62, 63] , and Equation (15) was rewritten as [7, 8] :
where is the apparent viscosity at the absolute temperature in Pa•s; is the apparent activation energy in J/mol; and 70 is the apparent viscosity at 70 °C chosen as the reference temperature in the study in Pa•s. The viscosity-temperature curves of heavy oil samples are shown in Figure 6 . The viscosity of the heavy oil showed a strong temperature sensitivity. The findings demonstrated that the viscosity of the heavy oil samples decreased significantly with an increase in temperature below 50 • C. The change in viscosity was great when the temperature was low, while the decrease in viscosity changed slowly when the temperature was above 50 • C. The Arrhenius equation was applied to quantify the relationship. It is the most accepted model to correlate the temperature dependence of the viscosity of a fluid [10, 11, 61] :
where µ 0 (T) is the zero-shear viscosity in Pa·s; T is the absolute temperature in K; A = µ 0 (T → ∞) is a material constant in Pa·s; E a is the fluid-dependent activation energy in J/mol; and R is the universal gas constant in 8.314 J/mol/K. As the zero-shear viscosity in Equation (15) was very difficult to obtain from the experiment, an apparent viscosity was used to replace it [62, 63] , and Equation (15) was rewritten as [7, 8] :
where µ(T) is the apparent viscosity at the absolute temperature T in Pa·s; E is the apparent activation energy in J/mol; and µ (70 • C) is the apparent viscosity at 70 • C chosen as the reference temperature in the study in Pa·s.
Energies 2017, 10, 1698 11 of 25 The viscosity-temperature curves of heavy oil samples are shown in Figure 6 . The viscosity of the heavy oil showed a strong temperature sensitivity. The findings demonstrated that the viscosity of the heavy oil samples decreased significantly with an increase in temperature below 50 °C. The change in viscosity was great when the temperature was low, while the decrease in viscosity changed slowly when the temperature was above 50 °C. The Arrhenius equation was applied to quantify the relationship. It is the most accepted model to correlate the temperature dependence of the viscosity of a fluid [10, 11, 61] :
where is the apparent viscosity at the absolute temperature in Pa•s; is the apparent activation energy in J/mol; and 70 is the apparent viscosity at 70 °C chosen as the reference temperature in the study in Pa•s. of the line fitting curves in each temperature interval were more than 0.98, illustrating that the curves conformed to the Arrhenius equation. The impact of asphaltene content on heavy oil rheology can be seen by comparing Figure 5e ,f. The shear stress decreased with a decrease in asphaltene content under the same shear rate and the same temperature. The shear stress of oil sample #5 with 3.55 wt. % asphaltene was 32 Pa at 30 °C, which was nearly three times greater than that of oil sample #6 with 3.04 wt. % asphaltene at 30 °C with the same shear rate of 50 s −1 . The influence of asphaltene content on the viscosity of heavy oil can also be obtained from Figure 6 . The viscosity of oil sample #5 was 586.8 mPa•s, which was double than that of oil sample #6 at 30 °C. This is due to the interaction force between various molecules because they increase as the asphaltene content rises, resulting in an easier asphaltene aggregation and a stronger network structure [7, 8, 19, 64] .
Threshold Pressure Gradient (TPG)
Impact of Flow Rate on TPG Measurement
The TPG at different flow rates were measured to study the impact of flow rate on TPG measurement, and the results are presented in the Table 4 . It can be seen from Table 4 that the TPG remained the same when the flow rate was lower than 0.003 mL/min. However, TPG increased with an increase in flow rate when the flow rate is higher than 0.003 mL/min. We obtained this result whether in the case of the same core and different oils or in the case of the same oil and different cores. The real TPG should be a quantification in the specific situation. The main reason for the change in the measured TPG at different flow rate was that the rapidly elevated pressure at the inlet of the core resulted in the measured TPG greater than the real TPG when the The impact of asphaltene content on heavy oil rheology can be seen by comparing Figure 5e ,f. The shear stress decreased with a decrease in asphaltene content under the same shear rate and the same temperature. The shear stress of oil sample #5 with 3.55 wt. % asphaltene was 32 Pa at 30 • C, which was nearly three times greater than that of oil sample #6 with 3.04 wt. % asphaltene at 30 • C with the same shear rate of 50 s −1 . The influence of asphaltene content on the viscosity of heavy oil can also be obtained from Figure 6 . The viscosity of oil sample #5 was 586.8 mPa·s, which was double than that of oil sample #6 at 30 • C. This is due to the interaction force between various molecules because they increase as the asphaltene content rises, resulting in an easier asphaltene aggregation and a stronger network structure [7, 8, 19, 64] .
Threshold Pressure Gradient (TPG)
Impact of Flow Rate on TPG Measurement
The TPG at different flow rates were measured to study the impact of flow rate on TPG measurement, and the results are presented in the Table 4 . It can be seen from Table 4 that the TPG remained the same when the flow rate was lower than 0.003 mL/min. However, TPG increased with an increase in flow rate when the flow rate is higher than 0.003 mL/min. We obtained this result whether in the case of the same core and different oils or in the case of the same oil and different cores. The real TPG should be a quantification in the specific situation.
The main reason for the change in the measured TPG at different flow rate was that the rapidly elevated pressure at the inlet of the core resulted in the measured TPG greater than the real TPG when the displacement flow rate exceeded the flow rate of 0.003 mL/min. Therefore, we considered 0.003 mL/min as the critical flow rate in the TPG measurement experiment. In contrast, the TPG measured at smaller flow rate will be more accurate. However, a small flow will also lead to more time needed in the TPG measurement experiment. Finally, we selected the flow rate of 0.002 mL/min for the TPG measurement experiment.
Relationship between TPG and Mobility
The TPG measurement results of heavy oil are provided in Table 5 . The table reveals that the TPG of heavy oil increased with an increase in viscosity when the permeability was the same. It increased as permeability decreased for the same heavy oil. Dong et al. [23] observed a similar behavior. This was attributed to the fact that the migration of heavy oil was influenced by the properties of fluid and porous media [31] . A larger pressure gradient was required to create the shear deformation of the heavy oil for the flow of heavy oil with a higher viscosity. Moreover, the flow resistance increased as the diameter of the pores and throats in addition to the permeability of the core decreased, which resulted in a difficult flow in the flow process of heavy oil [19] . Considering both the effects of heavy oil viscosity and permeability of the core on the TPG of heavy oil, we applied the mobility to calculate the TPG of heavy oil, which is defined as:
where M is the mobility in mD/mPa·s. A power-law relationship between the TPG and the mobility was obtained (Figure 8 ), which can be written as: Figure 8 indicates that the TPG decreased with an increase in mobility and declined even more when the mobility was lower than 5.30 mD/mPa·s. The decline rate of the TPG decreased with the increasing mobility and the TPG dropped to 0.00026 MPa m −1 when the mobility was 27.54 mD/mPa·s. It can be concluded that the TPG may disappear with an increase in mobility. For a given permeability, the decrease in viscosity can lead to an increase of mobility and the disappearance in TPG. The critical viscosity for the existence of TPG is shown in Figure 9 , above which the TPG existed. Otherwise, the TPG no longer existed. The critical viscosity increased and the growth rates tended to be relatively slow with an increase in permeability. Furthermore, the critical viscosity for Bohai Bay oilfield with the permeability range of 50-4000 mD was 42-54 mPa•s. There was a TPG when the viscosity and permeability values were in the upper area. Otherwise, the TPG fell to zero. The critical viscosity for a given permeability, above which the TPG existed. Otherwise, the TPG no longer existed.
Flow Characteristics of Heavy Oil in Porous Media
The single-phase and oil-water two-phase flow experiment results and the curve fittings are presented separately in Figures 10 and 11 . However, the TPG could not be obtained from the flow experiment due to that the pressure difference was very small when the heavy oil samples began to flow and could not be accurately measured by the pressure gauge, but the pseudo TPG can be determined from the interception of straight lines on the pressure gradient axis rather than direct measurement by the pressure gauge [27] . It can be used to show the difficulty of fluid flow as the TPG, but it cannot replace the TPG measured by micro-flow method with higher accuracy for the Bingham fluid. The pressure gradient increased with a rise in the flow rate. The relationship was basically a straight line and did not pass through the origin of the coordinate axes. It showed that heavy oil began to flow through porous media when displacement pressure gradient was larger than the pseudo TPG. These results reflect what is expected with Bingham fluid and non-Newtonian flow. Liu et al. [19] and Pang et al. [31] also reported this type of the flow behavior of heavy oil. From Figures 10 and 11 , it can be seen that the pseudo TPG decreased with an increase in mobility in a similar way to the TPG. Figures 10a and 11a indicate that the pressure gradient tended to increase with an increase in the viscosity of the heavy oil for a given flow rate and permeability. In For a given permeability, the decrease in viscosity can lead to an increase of mobility and the disappearance in TPG. The critical viscosity for the existence of TPG is shown in Figure 9 , above which the TPG existed. Otherwise, the TPG no longer existed. The critical viscosity increased and the growth rates tended to be relatively slow with an increase in permeability. Furthermore, the critical viscosity for Bohai Bay oilfield with the permeability range of 50-4000 mD was 42-54 mPa·s. There was a TPG when the viscosity and permeability values were in the upper area. Otherwise, the TPG fell to zero. For a given permeability, the decrease in viscosity can lead to an increase of mobility and the disappearance in TPG. The critical viscosity for the existence of TPG is shown in Figure 9 , above which the TPG existed. Otherwise, the TPG no longer existed. The critical viscosity increased and the growth rates tended to be relatively slow with an increase in permeability. Furthermore, the critical viscosity for Bohai Bay oilfield with the permeability range of 50-4000 mD was 42-54 mPa•s. There was a TPG when the viscosity and permeability values were in the upper area. Otherwise, the TPG fell to zero. Figure 9 . The critical viscosity for a given permeability, above which the TPG existed. Otherwise, the TPG no longer existed.
The single-phase and oil-water two-phase flow experiment results and the curve fittings are presented separately in Figures 10 and 11 . However, the TPG could not be obtained from the flow experiment due to that the pressure difference was very small when the heavy oil samples began to flow and could not be accurately measured by the pressure gauge, but the pseudo TPG can be determined from the interception of straight lines on the pressure gradient axis rather than direct measurement by the pressure gauge [27] . It can be used to show the difficulty of fluid flow as the TPG, but it cannot replace the TPG measured by micro-flow method with higher accuracy for the Bingham fluid. The pressure gradient increased with a rise in the flow rate. The relationship was basically a straight line and did not pass through the origin of the coordinate axes. It showed that heavy oil began to flow through porous media when displacement pressure gradient was larger than the pseudo TPG. These results reflect what is expected with Bingham fluid and non-Newtonian flow. Liu et al. [19] and Pang et al. [31] also reported this type of the flow behavior of heavy oil. From Figures 10 and 11 , it can be seen that the pseudo TPG decreased with an increase in mobility in a similar way to the TPG. Figures 10a and 11a indicate that the pressure gradient tended to increase with an increase in the viscosity of the heavy oil for a given flow rate and permeability. In Figure 9 . The critical viscosity for a given permeability, above which the TPG existed. Otherwise, the TPG no longer existed.
The single-phase and oil-water two-phase flow experiment results and the curve fittings are presented separately in Figures 10 and 11 . However, the TPG could not be obtained from the flow experiment due to that the pressure difference was very small when the heavy oil samples began to flow and could not be accurately measured by the pressure gauge, but the pseudo TPG can be determined from the interception of straight lines on the pressure gradient axis rather than direct measurement by the pressure gauge [27] . It can be used to show the difficulty of fluid flow as the TPG, but it cannot replace the TPG measured by micro-flow method with higher accuracy for the Bingham fluid. The pressure gradient increased with a rise in the flow rate. The relationship was basically a straight line and did not pass through the origin of the coordinate axes. It showed that heavy oil began to flow through porous media when displacement pressure gradient was larger than the pseudo TPG.
These results reflect what is expected with Bingham fluid and non-Newtonian flow. Liu et al. [19] and Pang et al. [31] also reported this type of the flow behavior of heavy oil. From Figures 10 and 11 , it can be seen that the pseudo TPG decreased with an increase in mobility in a similar way to the TPG. Figures 10a and 11a indicate that the pressure gradient tended to increase with an increase in the viscosity of the heavy oil for a given flow rate and permeability. In Figures 10b and 11b , the pressure gradient increased with a decrease in permeability for a given flow rate and viscosity. Therefore, it can be concluded that the viscosity and permeability had significant impact on the flow characteristics of heavy oil. In the case of similar permeability and crude oil viscosity, it was obviously seen by comparing Figures 10 and 11 that the pseudo TPG in the oil-water two-phase flow is lower than that in the single-phase flow, while the pressure gradient at the same flow rate was of the same situation of the pseudo TPG. This is mainly due to the fact that the viscosity of the fluid with a high-water saturation during the oil-water two-phase flow process is lower than that of the heavy oil during the single-phase flow process, which is equivalent to diluting the heavy oil, so the pseudo TPG declines and the flow becomes easier [65] .
Figures 10b and 11b, the pressure gradient increased with a decrease in permeability for a given flow rate and viscosity. Therefore, it can be concluded that the viscosity and permeability had significant impact on the flow characteristics of heavy oil. In the case of similar permeability and crude oil viscosity, it was obviously seen by comparing Figures 10 and 11 that the pseudo TPG in the oil-water two-phase flow is lower than that in the single-phase flow, while the pressure gradient at the same flow rate was of the same situation of the pseudo TPG. This is mainly due to the fact that the viscosity of the fluid with a high-water saturation during the oil-water two-phase flow process is lower than that of the heavy oil during the single-phase flow process, which is equivalent to diluting the heavy oil, so the pseudo TPG declines and the flow becomes easier [65] . 
Simulation
Validation
Validation with Darcy's flow was carried out by simulating a case, where some data was obtained from SPE 21221 [66] . Its main information is provided in Tables 6-8 and Figure 12 . The simulation results of ECLIPSE V2013.1 and CMG V2012 software were used to validate against our designed simulator because they are two commonly-used, recognized and authoritative numerical reservoir simulators. The comparison result of the pressure difference, oil production, water production, water cut, cumulative oil production and oil recovery are shown in Figure 13 . From this figure, it is evident that the simulation result of our designed simulator was very close to ECLIPSE V2013.1 and CMG V2012 software findings. At 1500 days, the difference of cumulative oil production was only 0.50% and 0.74%. Thus, the validation with Darcy flow was confirmed, and the simulator demonstrated a high reliability. Figures 10b and 11b, the pressure gradient increased with a decrease in permeability for a given flow rate and viscosity. Therefore, it can be concluded that the viscosity and permeability had significant impact on the flow characteristics of heavy oil. In the case of similar permeability and crude oil viscosity, it was obviously seen by comparing Figures 10 and 11 that the pseudo TPG in the oil-water two-phase flow is lower than that in the single-phase flow, while the pressure gradient at the same flow rate was of the same situation of the pseudo TPG. This is mainly due to the fact that the viscosity of the fluid with a high-water saturation during the oil-water two-phase flow process is lower than that of the heavy oil during the single-phase flow process, which is equivalent to diluting the heavy oil, so the pseudo TPG declines and the flow becomes easier [65] . 
Simulation
Validation
Validation with Darcy's flow was carried out by simulating a case, where some data was obtained from SPE 21221 [66] . Its main information is provided in Tables 6-8 and Figure 12 . The simulation results of ECLIPSE V2013.1 and CMG V2012 software were used to validate against our designed simulator because they are two commonly-used, recognized and authoritative numerical reservoir simulators. The comparison result of the pressure difference, oil production, water production, water cut, cumulative oil production and oil recovery are shown in Figure 13 . From this figure, it is evident that the simulation result of our designed simulator was very close to ECLIPSE V2013.1 and CMG V2012 software findings. At 1500 days, the difference of cumulative oil production was only 0.50% and 0.74%. Thus, the validation with Darcy flow was confirmed, and the simulator demonstrated a high reliability. 
Simulation
Validation
Validation with Darcy's flow was carried out by simulating a case, where some data was obtained from SPE 21221 [66] . Its main information is provided in Tables 6-8 and Figure 12 . The simulation results of ECLIPSE V2013.1 and CMG V2012 software were used to validate against our designed simulator because they are two commonly-used, recognized and authoritative numerical reservoir simulators. The comparison result of the pressure difference, oil production, water production, water cut, cumulative oil production and oil recovery are shown in Figure 13 . From this figure, it is evident that the simulation result of our designed simulator was very close to ECLIPSE V2013.1 and CMG V2012 software findings. At 1500 days, the difference of cumulative oil production was only 0.50% and 0.74%. Thus, the validation with Darcy flow was confirmed, and the simulator demonstrated a high reliability. However, there is no widely accepted commercial software that considers non-Newtonian flow. Therefore, we compared its simulation results to the data of an actual Bohai Bay oilfield heavy oil displacement experiment for validation.
The main parameters of the displacement experiment and the main input parameters of the designed simulator are provided in Tables 9 and 10 and Figure 14 . It is important to note that the viscosity and TPG were calculated by the above corresponding Arrhenius equation in addition to the fitting formula of the mobility and the TPG, respectively. The comparison result of the pressure difference, oil production, water production, water cut, cumulative oil production and oil recovery are indicated in Figure 15 . This figure reveals the simulation result was close to the experimental result. There was a difference of only 0.78% in oil recovery when 10 PV water was injected. Moreover, the actual oil saturation distribution was obtained by the saturation detector when 10 PV water was injected in the experiment (Figure 16a ). Figure 16b presents the oil saturation distribution by the designed simulator. A comparison of the two oil saturation distributions indicates that there were some differences between them. This was attributed to the accuracy of the saturation detector, which was limited by laboratory conditions and influenced by the position and number of probes, experimental operation and other factors. Nevertheless, from the overall oil saturation distribution and the trend of the oil saturation change, they were considered similar. Overall, the validation with non-Newtonian flow was positive and acceptable. However, there is no widely accepted commercial software that considers non-Newtonian flow. Therefore, we compared its simulation results to the data of an actual Bohai Bay oilfield heavy oil displacement experiment for validation.
The main parameters of the displacement experiment and the main input parameters of the designed simulator are provided in Tables 9 and 10 and Figure 14 . It is important to note that the viscosity and TPG were calculated by the above corresponding Arrhenius equation in addition to the fitting formula of the mobility and the TPG, respectively. The comparison result of the pressure difference, oil production, water production, water cut, cumulative oil production and oil recovery are indicated in Figure 15 . This figure reveals the simulation result was close to the experimental result. There was a difference of only 0.78% in oil recovery when 10 PV water was injected. Moreover, the actual oil saturation distribution was obtained by the saturation detector when 10 PV water was injected in the experiment (Figure 16a ). Figure 16b presents the oil saturation distribution by the designed simulator. A comparison of the two oil saturation distributions indicates that there were some differences between them. This was attributed to the accuracy of the saturation detector, which was limited by laboratory conditions and influenced by the position and number of probes, experimental operation and other factors. Nevertheless, from the overall oil saturation distribution and the trend of the oil saturation change, they were considered similar. Overall, the validation with non-Newtonian flow was positive and acceptable. Meanwhile, the effect of grid size on the simulation result of the designed simulator under fingering was investigated by simulating a same case with different grid sizes, whose model and other parameters were same to those used in simulating the heavy oil displacement experiment. The grid information is provided in Table 11 and the comparison results are presented in Figure 17 . It can be seen from Figure 17 that the effect of grid size on the simulation under fingering and the numerical dispersion were acceptable. Meanwhile, the effect of grid size on the simulation result of the designed simulator under fingering was investigated by simulating a same case with different grid sizes, whose model and other parameters were same to those used in simulating the heavy oil displacement experiment. The grid information is provided in Table 11 and the comparison results are presented in Figure 17 . It can be seen from Figure 17 that the effect of grid size on the simulation under fingering and the numerical dispersion were acceptable. Figure 17 . Comparison result of (a) pressure difference; (b) oil production; (c) water production; (d) water cut; (e) cumulative oil production; and (f) oil recovery of the designed simulator in running a same case with different grid sizes, whose model and other parameters were same to those used in simulating the heavy oil displacement experiment.
TPG Sensitivity
Three more simulations were undertaken to analyze the TPG sensitivity. They considered the TPG of 0.0250 MPa/m, 0.0500 MPa/m, and 0.0750 MPa/m. The rest of the experimental conditions and the simulation parameters were the same. Figure 18 provides the oil recovery at different TPGs. This figure demonstrates that the oil recovery decreased with an increase in the TPG, and the point where the recovery growth of heavy oil with a higher TPG slows down is earlier than that of heavy oil with a smaller TPG. The oil recovery was close to each other when the volume of injected water was lower than 0.2 PV and decreased with an increase in the TPG after 0.2 PV water was injected. After 1.2 PV water was injected, the recovery growth of the heavy oil with = 0.0750 MPa/m became smooth, but that of the heavy oil with = 0.0005 MPa/m continued to increase until the amount of injected water attained 3.0 PV, and the oil recovery growth slowed down. When the volume of injected water reached 10 PV, the oil recovery of the heavy oil with = 0.0750 MPa/m was 11.55% less than that of the heavy oil with = 0.0005 MPa/m. The plot of oil saturation for the heavy oil with = 0.0750 MPa/m when 10 PV water was injected is presented in Figure 16c . The remaining oil saturation of the heavy oil with = 0.0750 MPa/m was more than that of the heavy oil with = 0.0005 MPa/m as seen in the comparison between Figure 16c and Figure 16b . The remaining heavy oil increased as the TPG increased because the flow of heavy oil in the porous medium became more challenging when the TPG was higher. Comparison result of (a) pressure difference; (b) oil production; (c) water production; (d) water cut; (e) cumulative oil production; and (f) oil recovery of the designed simulator in running a same case with different grid sizes, whose model and other parameters were same to those used in simulating the heavy oil displacement experiment.
Three more simulations were undertaken to analyze the TPG sensitivity. They considered the TPG of 0.0250 MPa/m, 0.0500 MPa/m, and 0.0750 MPa/m. The rest of the experimental conditions and the simulation parameters were the same. Figure 18 provides the oil recovery at different TPGs. This figure demonstrates that the oil recovery decreased with an increase in the TPG, and the point where the recovery growth of heavy oil with a higher TPG slows down is earlier than that of heavy oil with a smaller TPG. The oil recovery was close to each other when the volume of injected water was lower than 0.2 PV and decreased with an increase in the TPG after 0.2 PV water was injected. After 1.2 PV water was injected, the recovery growth of the heavy oil with λ = 0.0750 MPa/m became smooth, but that of the heavy oil with λ = 0.0005 MPa/m continued to increase until the amount of injected water attained 3.0 PV, and the oil recovery growth slowed down. When the volume of injected water reached 10 PV, the oil recovery of the heavy oil with λ = 0.0750 MPa/m was 11.55% less than that of the heavy oil with λ = 0.0005 MPa/m. The plot of oil saturation for the heavy oil with λ = 0.0750 MPa/m when 10 PV water was injected is presented in Figure 16c 
Conclusions
The primary objective of this study was to investigate the flow characteristics of heavy oil in Bohai Bay oilfield in order to provide theoretical and technical guides for the development of heavy oil fields. Experimental results indicated that heavy oil in Bohai Bay oilfield was a Bingham liquid, and its rheological properties were related to temperature and asphaltene content. The yield stress and viscosity decreased with an increase in temperature, and the viscosity-temperature curve was in accordance with the Arrhenius equation. In terms of asphaltene content, the viscosity increased as the asphaltene content increased. The heavy oil did not flow until the pressure gradient exceeded the TPG, while the TPG increased with the rise in viscosity and with a decrease in permeability. Moreover, the TPG had a power-law relationship with mobility, and it decreased as the mobility increased. The TPG existed under a specific condition, and the critical viscosity for the existence of TPG in Bohai Bay oilfield had a range of 42-54 mPa•s. It is recommended to reduce the viscosity below the critical viscosity. Furthermore, the relationship between a flow rate and a pressure gradient was primarily a straight line, but it did not pass through the origin of the coordinate axes. The flow of heavy oil did not follow Darcy's law, but instead followed non-Newtonian flow. A 3D two-phase heavy oil simulator that considered the non-Newtonian flow characteristics of heavy oil was designed and validated with high reliability when compared to the simulation results run in ECLIPSE V2013.1 and CMG V2012 software as well as the results obtained during physical experiments. A TPG sensitivity analysis by the simulator indicated that the TPG significantly influenced the oil recovery. Compared with the case of = 0.0005 MPa/m, the heavy oil with = 0.0750 MPa/m had a lower oil recovery by a difference of 11.55%. There was more remaining heavy oil in the porous medium when the TPG was higher. To minimize the impact of the TPG on the production of a heavy oil field, thermal recovery methods are recommended to reduce the viscosity of heavy oil and to increase the mobility of heavy oil [67, 68] , which should be followed by a reduction in the TPG to improve heavy oil recovery. reagents/materials/analysis tools; Xiankang Xin wrote the paper.
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